However, measures to control specifically the distribution of delivered transgene expression must be superimposed on the basic vector for optimal applicability. Various approaches to this problem have been proposed, including imparting both transductional and transcriptional targeting properties to Ad vectors.
1
However, measures to control specifically the distribution of delivered transgene expression must be superimposed on the basic vector for optimal applicability. Various approaches to this problem have been proposed, including imparting both transductional and transcriptional targeting properties to Ad vectors. [2] [3] [4] [5] [6] [7] While some measure of success has been achieved with these approaches, ectopic transgene expression in non-target organs remains a potential problem, even when vectors that have been modified so as not to recognize the native Ad receptor, CAR, are used. Thus, additional, complementary, strategies may be superimposed upon these systems to afford an even greater measure of control.
To complement strategies which primarily aim to ensure that transgene expression is sufficiently high in target tissues, we have focused on a strategy to deliberately switch transgene expression off at a site where expression might otherwise be disadvantageous. With respect to Ad vector administration, the majority of vector localization and subsequent transgene expression (using nonselective promoters) is seen in the liver, and as a consequence, hepatotoxicity resulting from ectopic transgene expression is a major concern. In the context of cancer gene therapy using suicide genes, for example, this toxicity has resulted in dose limiting morbidity and mortality in animal models. [8] [9] [10] This problem is clearly an important issue, in addition to concerns about expression of residual viral genes. Thus, an approach which switches transgene delivery off in the liver may improve the safety of suicide gene therapy.
Based on these considerations, we here explore a novel 'liver off' system. The approach uses the cre recombinase (Cre)/LoxP system, whereby the Cre enzyme catalyzes recombination at specific DNA sequences (LoxP sites). This technique has previously been used in the generation of transgenic knock-out mice and as an 'on' switch in an Ad vector context by excising a DNA stuffer sequence inserted between promoters and transgenes. [11] [12] [13] [14] [15] [16] [17] [18] The utility of this system to effectively switch off the expression of an Ad-delivered transgene has not been reported. Thus, we hypothesized that a system could be developed whereby the transgene expression resulting from Ad vectors containing LoxP flanked expression cassettes could be effectively switched off by administration of a second vector delivering the Cre gene.
As initial proof of principle we developed a strategy that utilizes the Cre/LoxP system to switch off luciferase reporter gene expression, and evaluated efficacy both in vitro and in vivo. We show here that this approach can indeed inactivate transgene expression and importantly, the approach has efficacy in the liver in vivo.
We wished to evaluate the feasibility of using the Cre/LoxP system specifically to inactivate a delivered transgene. We thus initially constructed a plasmid containing the CMV promoter and the luciferase reporter gene interspersed with LoxP sequences (pLCLLL, Figure 1a ). The cytomegalovirus (CMV) promoter was inserted into the EcoRV site between the LoxP sequences of plasmid pBS246 (GibcoBRL, Rockville, MD, USA). CMV-LoxP was then excised as a SmaI/MscI fragment and inserted into the SmaI site of the luciferase reporter gene plasmid PGL3 basic (Promega, Madison, WI, USA). CMV-LoxP-Luc was excised using KpnI and SalI, blunted and inserted into the EcoRV site of pBS246, thus forming plasmid pLCLLL, which was used for initial in vitro analysis. The plasmid pBS185, containing the Cre recombinase gene under the control of the CMV promoter was obtained from GibcoBRL. The plasmid pCMVpA (containing the CMV promoter and a poly A signal but no transgene) was used as a control. Initially, we investigated the ability of cre recombinase to inactivate the expression cassette in a human liver cell line. For these studies, HepG2 cells (American Type Culture Collection) were transfected with either pLCLLL alone or in combination with pBS185, expressing cre recombinase, or the control plasmid pCMVpA. We found that the combination of pBS185 with pLCLLL resulted in a mean 87 ± 2% (mean ± s.d. of three experiments) reduction in luciferase expression compared with pLCLLL alone, or 91 ± 0.8% compared with pLCLLL + pCMVpA (Figure 1b , P Ͻ 0.01 by t test). Thus the basic premise that an expression cassette could be inactivated in this way was confirmed.
Having established the functionality of our expression cassette, we then evaluated its functionality in the context of Ad vectors. An E1/E3-deleted Ad vector (AdLCLLL) containing the LoxP flanked luciferase cassette was constructed using the AdEasy system. 19 The LCLLL segment was excised as a NotI fragment, inserted into the NotI site of the adenoviral shuttle plasmid pShuttle. The adenoviral genome was constructed by homologous recombination with pAdEasy I in BJ5183 cells by standard techniques, then the virus was generated by transfection of the linearized genome into 911 cells. After confirmation of construct by analysis of viral DNA, stocks of virus were generated in 293 cells and quantified by standard plaque assay and optical density titers. AdCMVCre, an adenoviral vector carrying the cre recombinase gene has been previously described, as has AdCMVHSV-TK, which was used as a control vector. 18, 20 To assess the system in Ad vectors, HepG2 cells were infected with AdLCLLL at a dose of 50, 500 or 5000 viral particles per cell (to demonstrate a dose-response relationship) as well as 500 viral particles per cell in combination with various doses of AdCMVCre (Figure 2 ). An Ad vector containing the CMV promoter driving luciferase expression (with no LoxP sequences) was used as a control. We found that the combination of AdLCLLL with AdCMVCre resulted in a dose-dependent reduction in luciferase expression (Figure 2a) , whereas AdCMVCre infection did not significantly reduce the luciferase expression arising from AdCMVLuc (Figure 2b) . In this experiment, the combination of equal particle numbers of AdLCLLL and AdCMVCre led to a reduction in transgene expression equivalent to that seen when the dose of AdLCLLL alone was reduced by 10-fold. Maximum reduction, seen with the highest dose of AdCMVCre used, was by over 99%. Thus, the feasibility of using the Cre/LoxP system to inactivate adenovirally delivered genes was shown.
To evaluate the system further, we determined the effect of infecting cells first with AdCMVCre, then 24 h later infecting with AdLCLLL, thus allowing time for cre recombinase to be generated before the arrival of the LoxP flanked cassette. In a direct comparison of concurrent infection versus temporal separation of infection, greater reduction in luciferase expression was seen when the AdCMVCre was given first (Figure 3 ). Further temporal manipulations may be optimized depending on the application and may thus allow greater reductions in transgene levels, if required.
To characterize the system further we also looked for any evidence of a bystander effect of cre-expressing cells on adjacent AdLCLLL-expressing cells. HepG2 cells were infected separately with either AdCMVCre or AdLCLLL, then, 24 h later, the AdLCLLL infected cells were mixed at various ratios with either uninfected or AdCMVCre infected cells. As expected, the amount of luciferase expression decreased as the proportion of AdLCLLL cells decreased. However, this decrease was the same whether the other cells were uninfected or whether they expressed cre (Figure 4) . Thus no bystander effect was observed. This finding may be advantageous in that the control of the 'off' switch should be tightly restricted only to those cells that are infected with AdCMVCre.
The entire rationale for proposing an expression cas- particles), then on day 4 mice were killed, livers were harvested and transgene expression was determined (Figure 5a ). Approximately one log reduction in transgene expression was seen with the AdCMVCre + AdLCLLL combination whereas no significant reduction was seen with the control combination. Furthermore, no reduction in luciferase expression was seen with the AdCMVCre + AdCMVLuc combination compared to AdCMVLuc alone (Figure 5b) . In a separate, repeat experiment, we also evaluated the effect of co-administering AdCMVCre with AdLCLLL on the same day as well as sequentially (Figure 5c ). Here, again, a reduction in luciferase expression was seen with the AdCMVCre/AdLCLLL combination, but not with the control AdCMVHSV-TK/AdLCLLL combination. In each experiment using C57 Black6 mice, P Ͻ 0.04 (by Student's t test) comparing the logarithmically transformed data from the groups AdCMVCre+ AdLCLLL versus AdHSVTK + AdLCLLL. More variability was seen in the Balb C experiment, although the difference between the AdCMVCre + AdLCLLL and the control combination was still apparent. The incorporation of the relevant controls (irrelevant virus in place of AdCMVCre, and the non-LoxP containing AdCMVLuc in place of AdLCLLL) clearly shows that the effects are specific for the Cre/LoxP combination, and not due either to the potential induction of anti-Ad immune responses or nonspecific toxicity related to AdCMVCre. Thus, we have shown that our inactivating vector strategy does indeed have functionality in vivo. Efforts to achieve improved control of gene expression via improvements in basic vector design have been a major focus of gene therapy research in recent years. These approaches have principally focused on modifying either the transduction properties of vectors via tropism modification, or the gene expression profile of delivered transgenes via the use of tissue-specific promoters. For the greatest possible control to be achieved, it is likely that some combination of targeting approaches will be required. The strategy presented in the article represents a further, complementary approach, especially in those situations where ectopic transgene expression may be toxic. In addition, it would be feasible to add additional LoxP sites in other areas of the Ad genome, thereby potentially inactivating not only transgene expression but also ectopic expression of residual native viral genes. Further optimization may be possible with respect to dose and timing of the two vectors, but importantly, we have determined that the approach has potential use in vivo.
In its present form the approach may have utility in situations where potentially toxic transgenes are administered in a loco-regional context for tumor therapy. In this regard, administration of ad vectors carrying the HSVTK transgene into the peritoneum has lead ectopic transduction of hepatocytes, resulting in dose limiting hepatic toxicity upon gancyclovir administration. 10 Pre-treatment by intravenous injection of AdCMVCre, leading to hepatic cre expression, could protect the liver from the toxicity of a peritoneally administered Ad vector carrying a LoxP flanked HSVTK gene. The key principle is to have cre expression being dominant at the site to be protected, and the therapeutic gene dominating at the treatment site. As transductional and transcriptional targeting strategies evolve, further rational combinations can be envisaged. For instance, one Ad vector (carrying a LoxP flanked therapeutic gene) could be transductionally targeted to tumor upon intravenous administration, whereas a second vector having native tropism and carrying the cre recombinase gene would preferentially go to the liver, thereby reducing any ectopic transgene expression that may have arisen due to incomplete specificity of the transductional targeting. In its present form, the lack of a bystander effect indicates the need for co-infection of the one cell for the inactivation strategy to work. To reduce potential inefficiencies resulting from this restriction, cre recombinase could be placed under the control of a liver-specific promoter. Such an approach could then allow for the derivation of single vectors possessing two cassettes -one having a tumor-specific promoter driving a LoxP flanked therapeutic gene, the other having a liverspecific promoter driving cre. Such a system would therefore avoid a net increase in the total Ad vector administration needed with the current approach. Furthermore, the use of conditionally replicative Ad agents has received considerable attention recently and has shown promise as a cancer therapy. 21 Incorporation of a Cre/LoxP control system might also offer improved safety in this setting.
In summary, the novel application of the Cre/LoxP system described here provides a basis for a multitude of potential applications to improve significantly the utility and safety of adenovirally delivered transgenes.
